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Mapping  of  the  Energy  Levels  of 
Metallophthalocyanines  via  Electronic 
Spectroscopy,  Electrochemistry,  and 
Photochemistry 

A.  B.  V.  LEVER,  S  lACOCCA  V  K.  MMIWAA.,  V  C.  MINOH,  and  11  S. 
ILWIASWAMY 

York  Univrrsit),  Ocpaitnu*nt  oi  Clioinistn ,  4700  Keele  Street,  Dowusview. 
Ontario,  Canada,  M3J  11*3 


The  mr/p/n'ng  of  the  cncr^tj  levels  in  mctallo- 
phthitlocijanines  is  (U'cotn})lishe(l  Inj  a  cotnhiruiiion  of 
electrochemistry,  electronic  spectroscopy,  and  photo¬ 
chemistry.  This  chapter  reviews  the  electrochemical 
pro))ertics  of  metallophthalocyanines  and  includes  a 
lari^e  amount  of  previously  un)>uhlished  data.  The  re¬ 
sults  are  rationalized  in  terms  of  the  nature  of  the  elec¬ 
tron  transfer,  that  is,  m/o.v  at  metal  or  ligand.  Well- 
defined  correlations  are  s  ho  ten  to  exist  hetuw'en  the  case 
of  oxidatitm  or  redut  tion  of  the  phthalocyanine  ligand 
and  the  oxidation  state,  and/or  polarizing  power,  of  the 
metal  ion.  Solvent  and  ring  substitution  effects  also  are 
presinted  and  explained,  ('diarge  tratisfer  transition 
ett(  rgies  ratt  he  calculated  directly  from  these  data,  and 
agreement  between  experiment  and  theory  is  excellent. 
Tinally,  the  data  are  used  to  calculate  both  the  photo- 
generated  excited  state  redox  energies  and  the  ther- 
nwdy}iamics  of  iptenching  by  donors  and  acceptors. 


Phthalocyanine  (MPe)  complexes  have  significant  importance  for 
many  reasons,  including  their  similarity  to  the  biologically  impor¬ 
tant  metalloporphyrins,  their  classical  use  as  dyestuffs,  and  their  de¬ 
veloping  use  as  components  of  various  solar  energy  conversion  de¬ 
vices. 

Of  paramount  importance  in  ninhMslanding  and  predicting  the 
physics  and  clunnistry  of  the  metallophthalocyanines  is  knowledge  of 
tlie  energy  Icvcds  therein.  This  knowledge  can  be  gained  through 
study  of  the  electronic  spectroscopy  (absorption  and  emission),  elec¬ 
trochemistry,  photocJieniistry  (and  plu)top)jysics),  and  photoeleetron 
spectroscopy  of  these  species.  In  this  chapter  we  address  the  first  three 
of  these  tcchni(iucs  and  consider  the  infonnation  obtained  from 
their  use. 

Tile  lower  excited  states  (up  to  at  least  35,000  (  in  *)  of  a  wide 
range  of  inetallophtlialocyanine  derivatives  can  be  identified  and 
mapped.  These  states  vaiy  as  a  function  of  the  environment  (solvent, 
axial  coordination,  etc.),  phthalocyanine  ring  substituent,  nature  and 
size  of  metal  ion,  oxidation  state,  and  electronic  configuration. 


The  excited  states  may  be  classified  as  n-n*  and  n-7r*  transitions, 
primarily  located  on  the  phthalncyanine  rin«.  The  ligand  (Pc  ring)  to 
metal  cluirge  transfer  (LXfC^l),  metal  to  ligand  charge  transfer 
(MLCTj,  and  cl-d  transitions  primarily  occur  on  the  metal  atom.  These 
transitions  may  occur  in  two  spin  manifestations.  In  addition,  spin 
coupling  can  occur  between  metal  ion  ground  state  wave  functions  and 
excited  state  wave  functions  of  the  phthalocyanine  ring  to  yield  a 
range  of  triplet-multiplets. 

The  following  three  sections  review  progress  in  the  elec¬ 
trochemistry,  electronic  spectroscopy,  and  photochemistry  of  metal- 
lophthalocyanines.  The  data  reported  for  metallophthaloeyanines  may 
be  compared  usefully  with  the  data  obtained  for  the  porphyrins  dis¬ 
cussed  in  Chapter  XX  in  this  volunnv 

Electrochemis  try 

Many  reports  (1-18)  discuss  the  electrochemical  properties 
of  the  metallophthaloeyanines,  but  only  in  recent  literature 
have  these  data  coalesced  into  a  useful  working  body  of  know¬ 
ledge  . 

In  general,  oxidation  and  reduction  are  expected  at  the  metal 
center  and  at  the  phthalocyanine  ring.  In  each  case,  one  or 
more  electron  transfer  processes  may  be  observed.  Indeed,  two 
successive  ring  oxidations  and  up  to  four  successive  ring  red¬ 
uctions  may  occur.  Ring  reductions  are  generally  electro- 
chemically  reversible,  but  ring  oxidations  usually  are  not 
(at  least  on  platinum) .  Generally,  no  more  than  two  redox 
processes  were  characteri  7.ed  at  a  given  metal  center. 

Identification  of  the  nature  of  a  given  redox  product  usually 
is  based  on  electronic  spectroscopy  and,  where  relevant,  electron 
spin  resonance  (ESR)  spectroscopy  (2,9,12).  Generally,  it  is 
possible  to  deduce  unequivocally  whether  a  reduction  or  oxidation 
occurred  at  the  metal  center  or  phthalocyanine  ring.  Phthalocyanine 
anion  and  cation  radical  electronic  spectra  are  quite  distinct  from 
those  of  the  Pc (-2)  species,  (12,19)  although  some  confusion  may 
exist  when  low-oxidation  state  transition-metal  ions,  such  as 
iron (I) ,  are  involved  (9) . 

The  higher  filled  and  lower  empty  energy  levels  of  a  typical 
metal lophthalocyanine  are  illustrated  in  Figure  1  (20-23).  The 
two  highest  filled  orbitals  of  relevance  to  our  discussion  are 
7T  orbitals  with  a^y  [highest  occupied  molecular  orbital  (HOMO)] 
and  a2  symmetry,  respi‘c  t  ivcly ;  and  the  lowest  empty  ring 
orbitals  are  the  Cg  |  lowest  uno('(Mipiod  mc^lecular  orbital  (LUMO)  ] 
and  b2^  n  -orbitals.  The  metal  valence  orbitals  may  be  buried 
inside  the  filled  phthalocyanine  levels,  or  filled  and/or  empty 
valence  orbitals  may  occur  in  the  HOMO-LUMO  gap;  in  addition,  empty 
metal  orbitals  may  lie  at  energies  comparable  to,  or  above,  the 
LUMO  phthalocyanine  level. 

Phthalocyanine  redox  chemistry  may  be  classified  conveniently  into 
two  sections:  main  groups  and  transition  groups. 

Main  Group  Phthalocyanine  Electrochemistry.  Redox  chemistry  in 
the  main  grotjps  i.s  usua  1 1  y  qtii  to  s  t  ra  igh  tforwa  rd;  gene  ral  ly  the 
metal  atom  center  is  unaffected,  and  all  observable  pn^c esses 
occur  on  the  phthalocyanine  ring.  For  main  group  ions  that  lie 
in  the  phthalocyanine  plane,  the  first  ring  oxidation  (from  HOMO) 
is  separated  from  the  first  ring  reduction  (to  LUMO)  by  approximately 
1560  mV  (Table  I),  which  is  rhc’  magnitude  of  the  molecular  bandgap. 
This  value  seems  larg,^  ly  unafftM’trd  l>y  the  iiaiurt'  '■»f  the*  main  group 
metal ,  al  though  some  deviation  may  uc'cur  i  f  the  metal  is  too  large 
to  be  accommodated  by  the  phthalocyanine  center  (14). 


However,  the  absolute  energies  of  first  oxidation  or  reduction 
vary  considerably,  and  depend  on  the  size  and  charge  of  the  metal 
ion .  The  ease  of  o xida tion  or  re  due  tion  o f  the  ph  thalocy anine 
unit  depends  on  the  electric  field  generated  by  the  central  metal 
ion.  Indeed,  there  is  a  clear  relationship  between  the  polarizing 
power  of  the  central  ion,  expressed  as  (ze/r)  and  the  redox  energy. 
The  more  polarizing  is  the  ion,  the  easier  it  is  to  reduce  the 
phthal ocyanine  ring,  and  the  more  difficult  the  ring  is  to  ovidize. 
A  good  linear  relationship  is  observed  between  these  quantities  (14) 
defined  by  liquations  1  and  2: 

oxidation  (zc/rHE"  -  1  410)  =  -0.01^2  (1) 

reduction  (ze/DlE"  +  0.145)  =  -0.012  (2) 

where  the  potentials  are  referenced  to  NHn  and  the  radii  used 
originate  from  Shannon  and  Prewitt  (24),  The  lines  are  essentiall 
parallel.  These  data  imply  a  HOMO-LUMO  separation  of  about  1.56  V 
independent  of  the  central  main  group  ion,  provided  it  lies  in  th' 
plane  (14).  This  treatment  is  discussed  later. 


The  si*eond  reduction  process  appears,  on  the  average,  about  420 
ui\  nuni-  negafis  (•  than  (lie  first  leduetioii  (I'ahJe  I)  hut  tlicvsi’  potentials 
tie  more  scattered  and  less  direeth  dependent  on  the  |)olari/ing 
piAwr  oi  the  central  ion;  ne\<utlu  less,  nietidlophtlialocyanincs  with 
the  more  polari/ing  i(ais  arc  gcneiiilK  more  readily  redueed  to  the 
ring  dianion.  I'he  fiord-  and  tourth-reduction  processes  occur  near 
-1.7  to  —1.8  and  —2.0  V  (Table  f)  (12)  (for  l)oth  main  aiul  transition 
Lioup  ions).  These  data  are  displayed  in  Figure  2.  For  the  first  two 
reduction  processes,  tlie  t'ase  ol  reduetion  follows  the  scapience: 

IVIl,  -  FcMgdl^  ‘  IV  [Vv,\],  >  IVAKIIDX 

i  Ids  siapieiKe  ma\'  l)t‘  rational i/ial  in  terms  of  increasing  negative 
charge  on  the  phlliaIo<  \  anim‘  ligand  w  hen  passing  from  the  covalent 
.\11  bond  in  IV-II^,  to  a  iairls  electrostatic  interaction  with  the  elec¬ 
tropositive  magnesiuiM,  and  liiially  to  a  lull  negati^e  charge  with  the 
props  lammoniimi  s.dt.  For  aliiminum(  1 1 1 ),  tin*  high  polarizing  power 
of  this  ion  Iciuls  to  a  nmre  cov  alent  int<aaclion  and  a  redm  ed  negative 
'  harge  on  the  phthaloeyanine  ligand.  Tliese  potentials  monitor  the 
iK‘gati\e  eliarge  on  the  phtliahu  v  ainne  ligand. 

Transition  Group  Phthaloeyanine  Electrochemistr)*.  The  pi<*s- 
nee  of  a  transition  metal  ion  appears  to  t)c*rturb  tlie  rcdo.v  processe.s 
occurring  at  tbe  phthaloeyanine  unit;  however,  a  pattern  similar  to  the 
main  group  species  can  be  discerned.  In  many  eases,  one  or  more 
redox  processes  m;iv  oeeiir  ;it  the  central  ion  ;it  potentials  lying  he- 
(weeii  ring  oxidation  and  reduction.  If  (he  solvent,  supporting  elcetro- 
lyle,  or  an  added  ligand  can  hind  to  tlic  axi;il  sites  of  the  metal  ion  in 
one  (or  more)  of  its  oxidation  levels,  then  the  observed  redox  potential 
often  dt'pends  marktull)  on  the  c  hoic  i*  of  solvent,  eU'ctrolyte,  or  added 
iigaiid. 

Table  11  gi\  (‘s  data  lor  tr«msiljon  metal  ion  phthaloeyanines  whore 
^olvellt  coordination  is  not  stiongly  peiturhing,  that  is,  in  weak  donor 
solvents,  or  involving  metals  that  bind  weakly  along  the  axis.  Those 
data  should  he  generally  inlerprefable  without  taking  into  considera- 
don  severe  pertiirliation  b>  solvent  efleets. 


Electronic  and  ESH  spectroscopy  demonstrated  that  the  OTi(IV), 
OV(IV),  Ni(II),  Cu(II),  and  Zn(II)  sikh  Ics  do  not  undergo  redox  pro- 
et  sses  at  the  metal  at  potentials  between  ligaiul  oxidation  and  reduc¬ 
tion.  Iron  and  cobalt*  on  the  other  hand,  can  Ibnn  M(l),  M(1I)»  and 
.V!(1II)  species  at  thc.se  intermediate  potential,  that  is*  oxidation  of  the 
phthalocyanine  ligand  occuiiihI  aitm  thc  metal  was  oxidized  to  M(lll), 
and  reduction  of  the  phthalocyanine  ligand  occurred  only  after  reduc¬ 
tion  of  the  metal  to  M(I).  Chromium  and  mangane.se  phthalocyanines 
form  M{I1)  and  M(III)  oxidation  states  (5-/3). 

In  parallel  with  main  group  phthalocyanine  chemistry,  the  ability 
to  reduce  a  inetallophthalocyanine  increases*  that  is,  the  potential  be¬ 
comes  more  positive*  as  the  oxidation  state  of  the  central  ion  increases. 
This  ability  can  be  seen  from  the  data  comparisons  abstracted  from 
fable  II  and  shown  in  Tables  111,  I\^,  and  f  igure  2. 

Not  surprisingly,  the  potentials  are  similar  to  those  of  main  group 
ions  of  tile  same  oxidation  state  and  approximate  size*  although  this 
I  act  appariiitly  was  not  iccognis(.*d  dearly  in  the  past.  liccause  the 
spread  in  potentials  lor  a  given  metal  oxidation  state  is  remarkal)ly 
small,  and  tlicrt^  is  a  cIcartMiongh  si'paration  l)etwc(‘n  the  ranges  for  at 
least  the  first  and  second  rc?duction,  the  potentials  generally  can  be 
used  diagnostically  to  identify  the  oxidation  state  of  the  central  transi¬ 
tion  metal  ion. 

Most  oxidations  of  the  phthalocyanine  ring  in  transition  metal 
phthalocyanines  are  electrochemically  irreversible,  obscuring  oxida¬ 
tion  state  trends.  Tri  valent  and  tet  rave  lent  transition  metal  phthalo¬ 
cyanines  generally  oxidizx*  a  little  above  1,0  V;  this  trend  is  also 
true  for  the  more  polarizing  divalent  ions,  nickel(Il)  and  coppei(II). 
Pc(-2)Zn  also  oxidizes  near  1.0  V  while  the  earlier  first  row  transition 
metal  phthalocyanines  oxidize  at  sliglitly  more  negative  potentials. 

Solvent  (‘ffects  on  these  ligand  redox  potentials  are  small.  How¬ 
ever,  solvent  effects  on  metal  redox  process  potentials  can  be  extraor¬ 
dinarily  large.  Table  V  gives  the  ranges  for  various  redox  processes  as  a 
function  of  solvent  aiul/or  supporting  electrolyte.  The  effect  of  solvent 
dcixjnd^  clearly  on  the  electronic  con figu rations  of  the  six^cies  in¬ 
volved,  and  the  effect  of  supporting  electrolyte  depends  on  whether 
there  is  binding  of  the  anion  to  either  component  of  the  couple. 

The  iron(ll)/iron(I)  and  col)alt(!II)/cobaIt(II)  couples  both  involve 
low  spin  d^UV  configurations.  Strongly  binding  axial  ligands  (solvent 
molecules)  destablize  tht‘  electron  (in  (T)  and  favor  oxidation  to  the 
low  spind'*  specie's.  Thus*  in  both  eases  tile  potentials  shift  negatively 
with  increasing  donor  strength  (»i  the  solvent,  which  follows  the  order 

DMA  -  D.\IF  DMSO  <  pyridine  (3) 

where  DMA.  DMI\  and  DM.SO  represent  dimethvlamine,  dimethyl- 
formamide.  and  dimetlivl  sulfoxide,  respectively. 

Indeed,  there  is  a  linear  correlation  of  these  potentials  with  Gut- 
mann  Donicitv  Number  (25)  of  the  solvent  (8).  The  cobalt(II)/cobalt(I) 
couple  (low  spin  (VUl^)  also  shifts  negatively  with  increasing  donicity 
of  tile  solvent,  probably  because  axial  binding  to  the  square  planar  cf* 
col)alt(l)  is  weak  or  nonexistent.  The  iron(III)/iron(II)  couple  (low  spin 
hovvev(»r,  si  lows  th<‘  opposite  trend  shifting  positively  with  in¬ 
creasing  donicity  of  the  solvent  (8,  9).  This  fact  best  can  be  explained 
by  synergism*  vvliere  strongl>  coordinating  axial  ligands  favor  back 
donation  by  tin*  hiw  spin  tl**  ion  into  phthahK.'yanine  7r-act*cptor  orbi¬ 
tals.  Balk  donation  in  iron(lll)  iN  weaker  because  of  the  greater  charge 
on  the  metal  l.ibli*  \  shows  that  these  solvent  effects  can  be  (|uite 
diaiii.itic  for  ev*iiiip)<‘,  ,i  solution  ol  moii(II)  plitlialoevanine  in 
p\  rnliiie  i  out. lining  »  liloi  nh  m>ii  is  an  st«ili)e,  but  a  simikir  solution  in 

l>NA  or  DMf  with  cliloiidi'  .  rapidly  air  oxidizes  to  iron(lll) 
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Moreover,  if  cyanide  ion  is  added  to  a 
solution  of  letrasuUdnuted  iron(ll)  phtiuilocyanine,  the  iron(II)  state  is 
stabilized  to  a  rcMnarkable  de^;ree  (Table  V)  through  axial  coordination 
of  cyanide  ions.  Indeed,  unsubstitiited  iron(II)  phtiuilocyanine  is  solu¬ 
ble  in  water  if  cyanide  ions  are  present  (5).  Even  nunc  remarkable 
stabilization  of  iion(II)  is  seen  when  imidazole  is  used  as  an  a.xial 
ligand  (Table  V)  (7). 

When  a  series  of  substituted  pyridines  were  used  as  solvents 
ln)th  the  cobalt(lll)/cobalt(Il)  and  cobalt(II)/cobalt(I)  couples  shifted 
negatively  with  increasing  pK^  of  the  solvent.  This  result  may  be  ex- 

l)lain('d  in  linrns  of  tiu'  Orago  E  ami  C  inodc*l  (26)  giv<‘n  tliat  for  this 
series  the  eleelroslalic  coiniionent,  E,  is  c'hunging  whih*  llu*  covalent 
component,  remains  rougiily  constant,  an  observation  in  agreement 
with  similar  ))oipliyiin  redox  data  (27).  An  interesting  solv(»nt  effect  is 
observed  wlu  n  eoi)alt(il)  iV  is  oxidi/etl  to  eobalt(III)  IV.  Beeau.se  the 
latter  species  has  a  veiy  strong  propensity  to  he  hexaetiordinated  with 
two  axially  bound  solvent  molecules,  the  oxidation  potential  is  clearly 
solvent  dependent.  In  a  noneoordinating  solvent  such  as  dichloroben- 
z.ene,  a  liexacoordinated  cobalt(Ill)  species  cannot  be  formed.  Under 
these  conditions,  the  Co(III)  Pc/Co(lI)  Pc  couple  shifts  positively  to  a 
considerable  extent,  such  that  the  initial  oxidation  of  the  species  is  to 
form  a  cobalt (II)  phthalocyanine  cation  radical  (/6’).  When  pyridine  is 
added  to  such  a  solution,  a  cobalt(lll)  species  apj^ently  is  formed. 

Preliminary  data  for  chromium(III)  phthalocVanines  reveal  in¬ 
creased  stabilization  of  chromium(ll)  w  ith  strimg  ilonor  solvents.  This 
effect  could  be  due  to  stabilization  of  the  low  spin  chromium(ll) 
through  l)ack  donation  to  t!ic  phtlitiiocyaninc  ring.  However,  furtlier 
data  are  nee<‘ssary  to  understand  tins  phenomenon,  especially  as  a 
similar  stabilizalitm  ol  low-sj^iu  d  ’  maiigaiu'sedl)  phthalocyanine  ap¬ 
parently  is  not  t'vitlent  (  fable  V).  Some  data  exist  eonct  i  ning  the  elleet 
of  ring  substitiitio))  on  nulox  energies  (,v(r  ’fable  II);  liowever,  signific¬ 
antly  less  so  tl)an  in  th('  porphyrin  series  (2^).  Cenerally,  electron 
donors  favor  ring  o.xidation  and  disfavor  ring  reduction.  An  interesting 
comparison  exists  for  sulfonic  acid  substitution  where  the  neutral  acid 
form  <)fTsPeFe(IIl)  retiuccs  at  -0.40  V  [vs.  normal  hydrogen  electrode 
(NHE)J  whik*  t!ie  sodium  salt,  with  four  negative  charges  on  the 
periphery  of  the  inolr'cnle,  does  not  reduce  until  -0.67  V  (5).  The 
secoiul  reduction  is  similarly,  but  a  little  less  markedly,  effected.  For 
substituents  suth  as  eliloride,  methyl,  tertbutyl,  sulfonic  acid,  car¬ 
boxylic  acirl,  and  others,  the  shills  in  vt^dox  energies  (except  for  special 
vases  su(  h  as  just  indit  atid  vvlicre  tlie  charge  on  the  ring  is  modified) 
rarely  <*\t  <*e<l  100  m\', 

Elecf  ro n i c  Spei  t  ms  cop  v 

(ionliuinan  t‘l  a).  first  detailed  llie  electronic  structure  of 

metall<J|)h(haloeyanines,  showing  that  tla  two  princii)al  bands  (botli 
‘Aiy)  (lor  S  ~  0  metal  ions)  in  tlie  visible  spectrum  of  all 
phtlialocN’anine  (-2)  species  could  lie  assigned  as  (n)-*  (rr*)  (p 

band  near  600  run)  and  U2„  (tt*)  (Soret  band  near  350  nm). 

Unlike  the  p<irphyriti  s^sttun  {2H}^  the*  Otu  and  flji,  oriritals  are  fairly 
well-separated  in  c*nerg)’,  anri  thf*so  two  transitions  do  not,  therefore, 
mix  appreciably.  Emission  <lata  reveal  that  the  spin  triplet  component 
of  the  {y  baml  lies  ah(ml  5(K)0-55(K)  cm  '  below'  llu*  spin  .singlet  (20). 
Ill  systems  lacking  charge  transfer  al>sorption,  such  as  most  of  the  main 
group  ^pcc  i<'v  it  is  this  spin  triph'f  stale  that  is  likeK  to  be  photoactive 
w  hen  tIu'  plithaloev  aniiu’  is  utilized  as  a  pimtoi  atal vst.  The  state 
(lliion  sc ciK  (• )  has  a  Idclimf*  ol  only  a  f(*w  nanosra  onds,  whik'  the 
triplet  state  hletmic  is  in  tin*  tiu<‘ios<*<.’(aMl-millis('cond  U’gioii  at  liipiid 
nitrtM:i  o  fcin|u  i.Uim  (20.  ,i(f)  Wlu  re  p*Mamagn<  fi<‘  i<ins  such  as  cop- 
)H‘r(n)  arc*  concerned,  this  lowest  state  most  likcdy  is  a  triplet- 
inulfipict,  lying  at  roiigiiiy  <Ih'  same  energy  as  (2<y,  31). 


nowt'vci,  llu‘  situation  can  change  dramatically  when  charge 
traiislci  transitions  arc  present.  Sncli  transitions  occur  whenever  metal 
d -I  eve  Is  lie  at  energies  i!isi<le  the  H()M()~LUM()  handgap  of  the 
phthalocN  anine  (or  close  to,  but  abova^  thi*  LUMO  energy).  Such  transi¬ 
tions  were  discussed  in  dei^th  (3J )  and  only  a  suininary  of  these  data  is 
provided  heix*. 

Witli  inoderateK  oxidizing  ions  such  as  nianganese(lll)  and 
c'hroinium(lll),  cliaige  transfer  absorption  from  l)oth  the  phthalo- 
cycininc  Um  and  (hu  orbitals  into  e^\r/)  orbitals  on  the  metal  is  allowed 
electronically  and  observed  readily,  the  fonner  transition  lying  in  the 
near  IR  region  (Figure  1,  Table  VI). 

Consider  the  charge  transfer  transition: 

Pc(-2)(ai«)^'Cr(lIl)i/*  Pc(“l)(c/,„)Cr(II)d' 

labeled  LMCTl  in  Figure  1.  This  reaction  may  be  construed  as  the 
sum  of  two  redox  processes,  viz: 


Pc(-2)(ai„)^Cr(lll)d‘  +  e  Pc(-2)(a,J“Cr(II)d^  (4) 

Pc(-2)(fl,«)“Cr(II)d^=:iPc(-l)(fliJCr(II)d'  +  (5) 

whose  potentials^  [-0.40  and  -(+0.70)\  J  can  be  summed  to  yield  a 
transition  energy  of  l.lO  eV,  that  is,  a  predicted  charge  transfer  energy 
01*8870  cnr‘,  in  satisfactory  agreement  with  an  observed  transition  at 
7900  cm"‘.  Both  chromi»mi(III)  and  manganese(lll)  exhibit  charge 
transl'er  hands  in  the  near  IH  region,  although  for  manganese(II)  and 
chromium(n)  species  these  LMCf  bands  are  blue-sbilted  to  approxi¬ 
mately  11,000  enr' .  A  treatment  similar  to  the  one  indicated  in  Equa¬ 
tions  3-5  allows  prediction  of  the  energies  of  these  charge  transfer 
transitions  generally  to  within  an  accuracy  of  about  1000  cm”* 

rr»i>h»  vn 


Furtlun  proof  of  iIk‘  assignnu*nt  is  obtaiiu'd  by  location  ofa  second 
c'liaige  transl(*r  band  (LM(n'2).  arising  from  to  e„(r/)  (Figure  1), 
Ising  between  ihe  aiul  Sorel  bands.  Most  significantly,  the  energy 
separation  between  lliese  two  el  large  transfer  bands  is  almost  exactly 
<‘qual  to  the  euevgN’  separation  In'lwtaai  llie  and  Sor<'t  bands  (3/). 
Virluall)'  all  the  anticipated  LMCJ'r  bands  in  the  lirst-row  transition 
metal  piitbaloeyanines  can  be  assigned  and  ealculatefl  Iry  this  simple 
procedure.  MLCT  band  energies  also  can  be  calculated,  but  appear  to 
be  too  weak  to  be  obser\  <?d.  The  energies  of  orbitally  forbidden  LMCT 
transitions  also  can  be  derived  by  this  techniejue,  allowing  the  pre¬ 
sumed  detection  of  stales  that  cannot  be  obseived  directly  by  elec¬ 
tronic  spectroscopy  (.ver  Tal)le  \^I). 

Surprisingly,  such  a  simple  relationship  Ix^  tween  electronic  ab¬ 
sorption  bands  and  redox  pol(‘ntial  energi('s  is  successful.  Evidently, 
the  entropy  diUcrt  ncc's  bi*t\\  <  x'n  the*  various  (‘omponeiits  of  the  coui)le 
are  very  small.  Moreov(*r,  the  LMC7r  transitions  apjHMr  to  be  (0-0)  in 
vibrational  character,  eliminating  anotlu^r  possible  source  of  disagree¬ 
ment  between  calculated  redox  energy  <nid  observed  data  (31),  Prece¬ 
dent  for  such  agreement  l)etu  ecu  charge  transfer  energies  and  sums  of 
redox  potentials  e.xists  (32,  33).  Because  these  LMCT  transitions  fre¬ 
quently  lie  at  energies  below  the  band,  they  (or  higher  spin  versions) 
are  likely  to  be  photochemically  active.  However,  lifetime  data  are  not 
yet  available. 

Hence,  a  combination  of  electronic  absorption  spc'ctroscopy  and 
tdectrocbemical  nuMsnrenKMit  can  map  the  t*nergv  levels  ofa  nietal- 
lophthaloc> aiiiiu*  with  considerable  accuracy,  and  provide  a  measure 
of  the  redox  potcaitials  of  the  various  excited  states,  information  of 
considerable  value  in  understanding  pliolochemical  behavior.  Al¬ 
though  lew  heav>'  tiatisitioii  metal  ion  phthalocyaniiu's  have  been  in¬ 


vestigated  to  date',  then  ludiav  lot  is  nol  c  xjueteci  to  vaiy  greatly  from 
tin*  detads  pieseiited  in  this  eliapter  (provided  tlii'  metals  lie  inside  the 


phthalocv  anine  macrocyele  ring).  In  general,  their  c/-levels  will  be 
buried  below  tlie  phtlialocyaninc  HOMO  level  and  redox  processes  at 

tiM!  iiMitftl  jirt  fMMtiiiaili 
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Photochcw  ii  t  ry  | 

A  raiiji'i'  niaiii  ^nmp,  first  rou ,  aiKl  lat(‘r  tratrsition  metal  i<n).s 
were  sciveiK*(l  recenll)  {\n  their  al)ility  to  generate  reduced  methyl  1 

\  iologen  (MV')  when  irrarliated  (into  the  Q  hand)  in  the  presence  of 

inethyi  viologcn  (MV“^)  and  a  donor  such  as  triethanolamine  (34).  t 

Specit  s  conlaijiing  Mg,  TiO,  Cr{II),  Fe(II),  Zn(II),  llh(III),  and  Ru(ll) 
generated  reduced  methyl  viologcn,  alheit  in  small  yield  (<.01%). 

Other  metal  ions,  specifically  VO,  Cr(III),  Mn(III),  Fe(III),  Co(n), 

Ni(ll),  and  Cu(II)  did  not  generate  re<luced  metl^yl  viologcn  under 
similar  conditions. 

Ions  with  low  King  (m*ar  IH)  LM(>T’  hands  clearly  were  plioto- 
ehfiniealK  inat  ti\e  hecausc  much  of  the  excitation  caiergy  was  lost  hy 
intersystem  crossing  Irom  the  hand  to  tlu»  low  1\  hig  lAlCT  hand. 

Several  me  chanisms  are  possible  h\-  whic  h  reduced  methyl  violo- 
gen  (MV)  miglu  he  pnxinced.  Specific-all),  rcxlnctivc  (picnching  of  the 
excited  stale  of  the  photocatalyst  (c*)  h>'  the  dojjor,  yielding  e^,  could 
rcvsult  in  iormation  of  M\'^  hy  reaction  of  with  c'  in  a  following 

thermal  reaetion.  Alti’iiuitisely,  c'"  c'onhl  1)(‘  qucric-hed  oxidatively  hy 
MV“*  yielding  MV^  clireetly,  togctlier  with  c^,  whic  h  could  then  return 
tt>  the  gn)uncl  state  c  hy  a  thcnnal  ivaction  with  the  donor. 

Detailed  kinetic  studies,  not  yet  undertaken,  are  necessary  to  de¬ 
duce  nneciuivocally  whic  !)  mechanism  is  occurring. 

(^iven  tl)c‘  ground  state  reclox  data  discnssc’d  in  the  section  on 
ch'ctrocliemistry,  tog(-tluT  with  the*  elec  tronic  ahsoiption  data  given  in 
tile  section  on  electronic  spectroscop)'.  tlu‘  reclox  potcMitials  of  the  ex- 
eitc-d  states,  c*,  can  hc'  (iei  i\  c*d  (35-37).  'J  ims,  if (iu  ede^etron  volts) 
is  the  ecjuilihiatecl  excited  state  energ)  of  t]u‘  lowest,  photochcmieally 
active,  excited  state  oi  tin*  photoeataK'st,  then  the  reclox  potentials 
involving  c*  arc*; 


e^c*  -  c  Vc  -  E,n  (6) 

c'^/c  -  c’/c  ^  Fen  (*7) 

These  equations  should  be  fairly  accurate  provided 
that  the  entropy  differences  between  ground  and  excited 
states  are  small,  as  apparently  is  the  case. 

With  these  da ta,  it  is  clearly  poss ible  to  calculate 
the  thermodynamic  driving  forces  for  the  various  excited 
state  and  ground  state  reactions,  discussed  above.  When 
this  is  carried  out  [34]  the  complexes  are  readily  divided 
into  two  sets,  one  in  which  the  thermodynamics  of  one  or 
more  processes  make  most  unfavourable  the  production  of 
reduced  methylvlologen  and  one  in  which  the  thermodynamics 
are  less  unfavourable  or  even  slightly  favourable.  Exper¬ 
imentally  the  inactive  metallophthalocyanines  clearly  belong 
to  the  former  set,  and  the  active  species  to  the  latter 
set.  In  no  case,  however,  studied  so  far,  are  the  thermo¬ 
dynamics  for  the  formation  of  reduced  methylviologen 
strongly  favourable  explaining,  in  part,  why  the  yields 
have  not  been  high  for  these  species. 
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Kinetic  phenomena,  that  Is,  suppression  of  otherwise 
thermodynamically  favourable  back  reactions,  play  a 
dominant  role  in  determining  which  catalysts  are  suit¬ 
able  and  which  are  not.  It  is  equally  clear  from  this 
investigation  [34]  that  studies  such  as  those  shown  in 
the  "electrochemistry”  and  "electronic  spectroscopy" 
can  provide  a  sound  basis  for  understanding  photo- 
catalytic  behaviour  and  can  influence  the  design  of 
future  catalysts.  Growing  interest  in  the  use  of 
metallophthalocyanines  in  solar  energy  conversion 
attests  to  the  potential  value  of  such  catalysts  (2,15, 
34,38-43).  Such  data  are  also  of  significant  value  in 
understanding  biological  photoredox  behaviour,  especially 
events  occurring  during  photosynthesis. 
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‘  'rile  plithalocyaiiiiu*  iintneiK  latiin*  used  lifie  is  piesentrd  in  Bel  19. 

*  An  ciicri^y  Icvtd  of  syntmohy  (xf/)  loc.ili/cd  on  llu*  peripheral  nitrojjen  atoms  is 
omitted  heeanse  there  is  no  evid«’iH*e  tlial  it  plays  a  role  in  the  spectroscopy, 

^  Estimated  imtential  is  Kiven  in  HtT.  31 
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